The exposure-responses for several effects of limited exposures to diethylnitrosamine (DEN) in the livers of male Fischer 344 rats were measured and phenobarbital promotion was used to enhance expression of initiation of carcinogenesis. Five doses ranging from a cumulative total of 0.5 to 4 mmol DEN per kg body weight were given as weekly i.p. injections for 10 weeks. This was followed by 4 weeks recovery, after which the groups were maintained on either a basal diet or 0.05% phenobarbital (PB) to promote liver tumor development All doses of DEN produced ethylation in liver DNA, which increased with dose. Indicative of toxicity, the centrilobular zone of glutamine synthetasepositive hepatocytes was reduced in relationship to exposure up to a cumulative exposure of 3 mmol/kg. The two lower exposures to DEN produced no increase in cell proliferation, whereas higher exposures resulted in marked increases, 4-fold between 1.0 and 2.0 mmol/kg cumulative. At the end of the recovery period (14 weeks), hepatocellular altered foci (HAF), which expressed the placenta] form of glutathione S-transferase, were induced by all exposures, with an increase of -4-fold between the exposures of 1.0 and 2.0 mmol/kg being the greatest. In rats maintained on basal diet or PB for 24 weeks after exposure, HAF increased further and with exposures of 2.0 mmol/kg and above, all rats developed hepatocellular carcinomas. With 1.0 mmol/ kg, no liver tumor occurred in 12 rats without promotion, whereas in those given PB, two adenomas and two carcinomas were present in 12 rats. At the lowest exposure of 03 mmol/ kg, no tumor occurred in rats on basal diet, although HAF increased ~7-fold. With PB promotion, only one adenoma developed in 12 rats and HAF increased another 2-fold. Thus, the findings document non-linearity for some of the effects of DEN and a near no-effect level for initiation of promotable liver neoplasms at the lowest exposure in spite of a substantial induction of HAF.
Introduction
Quantitative exposure-responses for the early effects of DNAreactive liver carcinogens leading to initiation of the carcinogenic process have been studied in some detail (1-7). Such data are needed to place quantitative risk assessment of human exposures on a firm scientific foundation (8) . Few studies, however, have used precise exposures in ranges in which effects other than DNA reactivity may influence the process.
Also, most exposure-response studies have involved continuous administration (9-11), whereas exposures to environmental carcinogens are intermittent. Thus, little data are available on the effects of exact exposures of limited duration to DNAreactive carcinogens on which to base procedures for quantitative risk assessment.
We have previously reported that with limited exposures to the DNA-reactive carcinogens, diethylnitrosamine (DEN*) and 2-acetylaminofluorene, given as doses per unit body weight by injection or gavage, respectively, non-linearities were observed for formation of DNA adducts, cytotoxicity, cell proliferation and initiation of carcinogenicity in rat liver (12, 13) . These findings document that an enhancement of initiation and carcinogenicity occurs at exposures that produce toxicity and compensatory cell proliferation. Similar data have recently been provided for N-nitrosomorpholine (14) . Such enhancement would be expected from the well established findings that stimulation of hepatic cell proliferation by partial hepatectomy enhances liver carcinogenicity (15, 16) . Supralinearity at toxic exposures has two important implications as follows: (i) extrapolation to effects at lower, non-toxic exposures must be considered to be uncertain; and (ii) there may be no effect levels at exposures that do not elicit some of the toxic effects that occur at higher exposures.
In the present study, we have extended our exposureresponse investigations on DEN using a phenobarbital (PB) promoting stimulus to enhance expression of initiating effects of limited exposures to DEN. Several acute effects of DEN including ethylation of DNA, cell toxicity and cell proliferation were measured under conditions that can be assumed to represent minimal effects, although to preclude greater effects, more detailed study would be required. With these qualifications, we report here that in a study design of limited, repeat, precise exposures over a narrow range, non-linearities of some acute effects and tumorigenicity were evident. Importantly, the lowest exposure tested did not yield neoplasm induction and only one neoplasm resulted with PB promotion, indicating that this exposure, which produced DNA alkylation and a substantial incidence of preneoplastic lesions, was close to a non-tumorigenic exposure under the test conditions. The findings described suggest that this low degree of carcinogenicity may be a consequence of the failure of the low dose to exert a significant degree of cellular effects such as cell proliferation that contribute to carcinogenicity.
Materials and methods

Animals
A total of 228 male Fischer F344 (F344) rats were obtained from Charles River Laboratory, Kingston, NY, at 6 weeks of age and held for 2 weeks in quarantine. At the start of the study, rats were 8 weeks of age and weighed 156-189 g. The rats were housed in a conventional animal facility. They were kept in groups of six in solid-bottom polycarbonate cages with heat-treated hardwood chip bedding in a room at 20 ± 2°C, at 50 ± 10% relative humidity and at 12 h dark and light cycle. The basal diet NIH 107 was given ad libitum and water was provided by a stainless steel distribution system. The facility Chemicals and exposure DEN was obtained from Eastman Organic Chemicals (Rochester, NY) and its purity was identified by capillary gas chromatography (Hewlett-Packard Model 5890) using a DB-fused silica column and a flame ionization detector. Subsequently, DEN was further analyzed on a Hewlett-Packard HPLC using a reverse phase Hypersil column and an isocratic solvent system. The purity was found to be >99%, as analyzed by K.Brunnemann in the Instrument Facility of the American Health Foundation. The solutions were prepared by dissolving DEN in physiologic saline. PB was obtained from Sigma Chemical Co. (St Louis, MO) and incorporated into the diet at 0.05% by BioServ (Frenchtown, NT). O 6 -Ethylguanine and 7-ethylguanine were purchased from ChemSyn (Lenexa, KS). Guanine was purchased from Sigma Chemical Co.
The rats were divided into six groups of 38; the allocation of rats, the dose, frequency of administration and duration of exposure are shown in Table I . DEN was injected i.p. once a week for 10 weeks. At 1 week after the end of exposure, five rats were killed following 3 days of continuous bromodeoxyuridine (BrdU) exposure delivered by subcutaneously implanted Alzet osmotic pumps (model 2ML1, Alza Co., Palo Alto, CA) containing BrdU at a concentration of 20 mg/ml. After the last injection at week 10, remaining animals were allowed a 4 week recovery period and nine were killed. Twelve of the animals in each group were maintained for 24 weeks on basal diet and the other 12 on PB diet. At all terminations, rats were killed by decapitation.
DNA alkylation
Three rats were injected i.p. with doses of DEN in saline ranging from 50 |imol/kg to 400 umol/kg corresponding to doses in the carcinogenicity study. The animals were killed at 2 or 6 h post-injection. Liver DNA was isolated using the Kirby method as modified by Swann and Magee (17) . Neutral thermal and mild acid hydrolysates of DNA were prepared as described by Hecht et aL (18) . Levels of 7-ethylguanine, O*-methylguanine and guanine were determined by HPLC analysis with fluorescence detection (LC 240 fluorescence detector, Perkin Elmer, Norwalk, CT). The hydrolysates were separated using two Partisil 10 SCX columns (Whatman, Inc., Clifton, NJ) in tandem. Neutral thermal hydrolysates were eluted with 80 raM ammonium phosphate buffer pH 2 and mild acid hydrolysates were eluted with the same buffer plus 10% methanol (flow: 2 ml/min) as described by Herron and Shank (19) . Quantitation was achieved using standard curves prepared for each analysis.
The detection limits were 0.5 pmol for C^-ethylguarnne and 9.4 pmol for 7-ethylguanine.
Histological examination
Standard slices were taken from each lobe of the liver (20). For routine histological examination, liver slices were fixed in 10% neutral buffered formalin, embedded in paraffin and processed for hematoxylin and eosin (H&E) staining.
Hepatocellular altered foci (HAF) and neoplasms were classified according to standard criteria (21, 22) .
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Glutathione transferase-placental form For identification of the placental-form of glutathione S-transferase (GST-P) activity (23) , the liver sections were processed for immunohistochemical staining. Anti-GST-P antibody was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY). Sections were stained by the avidin-biotin-peroxidase complex method. Statistical analysis was performed using analysis of variance (ANOVA) followed by Tukey's method for multiple comparisons (24) .
Glutamine synthetase
Sections from livers fixed in 3.5% paraformaldehyde were deparaffinized and partially treated with 0.5% hydrogen peroxide in methanol to inactivate endogenous peroxidase, and then used for the immunohistochemical localization of glutamine synthetase (GS) as described elsewhere (25, 26) . For the analysis of the normal distribution of GS, the GS + areas encircling central veins and the perimeter of the corresponding venule were determined. These values were used to calculate the ratio between the respective GS + area and the perimeter of the corresponding vessel, the relative mean width (RMW), which provides a measure of the GS + zone independent of the cutting plane of the vessel (27) . Statistical analysis was performed using Student's (-test.
Quantitatification of hepatocellular altered foci
GST-P + HAF were quantified using a microscope equipped with a drawing attachment, a Videoplan electronic visual digitizing system (Carl Zeiss) as previously described (20) .
Values are given as average per cm 2 of liver area ± SD. Statistical analysis was performed using ANOVA followed by Tukey's method for multiple comparisons (24) .
Bromodcoxyuridine immunohistochemlstry
Immunohistochemical staining of incorporated BrdU (28) (Becton Dickinson, San Jose, CA) was performed for measurement of cell proliferation in the liver. Stained sections were evaluated under a light microscope at a magnification of X 200. Square graticule (Cambridge Instrument Inc.) with 25 equal subdivisions was used for quantitating labeled cells. The BrdU stained and non-stained nuclei were evaluated. The cumulative replicating fraction (CRF) is the percentage of labeled hepatocytes obtained from the counting of ~3000 cells. Statistical analysis was performed using single classification analysis of variance followed by Turkey's adjustment for multiple comparisons (24) .
Results
Various hepatic effects were studied for cumulative exposures to DEN ranging from 0.5 to 4.0 mmol/kg body weight.
For the purpose of establishing that the doses used produced DNA ethylation, a time course study was done using one of the higher doses and then a dose-response study at a time point of high ethylation. The DNA ethylation produced by injection of a single dose of 200 (imol DEN/kg body weight was highest at 2 to 12 h and lower at 24 and 48 h (Table II) , reflecting DNA repair. At 6 h after injection, even the lowest Diethylnitrosamlne exposure-response in rat Table II . Time course and dose-response for production of 7-ethylguanine and 0*-ethylguanine in rat liver DNA by exposure to diethylnitrosamine 
(2)
•jimol/kg body weight as a single exposure.
•"Number of rats in parentheses.°n .d., none detected. *This rat was inadvertently killed at 2 h rather than 6 h. a mmol/kg body weight cumulative at 10 weeks. b The size of the pericentral GS+ area is represented by the relative mean width (RMW>value (GS+ area divided by the perimeter of the corresponding central venule). Measured at 4 weeks after DEN administration.°D ata are given as means ± SD calculated from individual measurements (the number of which is given in parentheses) over the full size range of the central veins found on up to six liver sections from three to five rats per group. "Significantly reduced at P < 0.05, using Student's f-tesL dose of DEN, 50 fj.mol/kg, produced ethylation, establishing that all exposures studied were genotoxic.
To quantify cytotoxicity, the area of the centrilobular GS + zone was measured at the end of exposures for 10 weeks. DEN administration reduced the zone in relation to exposure up to cumulative exposures of 3 mmol/kg body weight (Table  in) . The apparent plateau reached at higher exposures was judged to be due to the occasional presence of small aggregates of GS + hepatocytes in an abnormal configuration adjacent to central veins that otherwise were mainly devoid of the normal surrounding GS + hepatocytes. Cell proliferation of hepatocytes was quantified beginning 4 days after the last exposure at a point when acute effects on DNA, such as ethylation, would be subsiding due to repair (Table IT) . The CRF was not increased with exposures of 0.5 and 1.0 mmol/kg, whereas in the 2 mmol/kg group, the CRF was approximately four times higher than that at the next lower exposure ( Table TV) . The increment in CRF from 2.0 to 3.0 mmol/kg was ~3-fold with only a 50% increase in exposure. Increased above no exposure at P < 0.05, using ANOVA followed by Tukey's adjustment.
Likewise, the increment in CRF from 3.0 to 4.0 mmol/kg was greater than the increase in exposure. BrdU labeling of hepatocytes after exposure to DEN for 10 weeks was increased mainly in the periportal and centrilobular zones. Microscopic evaluation of the H&E-stained liver sections revealed predominantly clear and acidophilic cell foci. In addition, there were some mixed or basophilic cell foci, but no amphophilic or tigroid cell foci were observed. Quantification was done only on GST-P + foci of altered hepatocytes, since there were no amphophilic or tigroid cell foci that are negative for GST-P (7, 22) . GST-P+ foci were quantified at 14 weeks to obtain a measure of the incidence of persistent lesions induced by DEN. GST-P+ HAF were induced by all exposures, but only the highest exposure produced GS + HAF (Table V) . Between the exposures of 0.5 and 1.0 mmol/kg, the increment in HAF was approximately proportional to exposure. Increasing exposure from 1.0 to 2.0 mmol/kg, however, produced an increment of ~4-fold. Further increasing the exposure by 50% from 2.0 to 3.0 mmol/kg body weight, produced a 2-fold increase in HAF. By 38 weeks, at the lowest exposure (0.5 mmol/kg), HAF were substantially increased over the incidence at 14 weeks and with doubling of the dose, the increase was ~2-fold, as at 14 weeks. HAF were not quantified at higher exposures because of the very large number and the presence of tumors. When PB was given for 24 weeks after DEN, the incidence of HAF was increased at the low exposure, but not at the next higher, where the incidence was already high.
At 38 weeks, neoplasms were induced in all rats exposed to 2 mmol/kg and greater (Table VI) . Visually detectable tumors were multiple and their average size was greater with increased exposure and PB administration. With 1 mmol/kg alone, one neoplasm occurred whereas with added PB, four were present With the lowest exposure of 0.5 mmol/kg, one adenoma occurred only after PB promotion. The histological aspects of hepatocellular carcinomas varied in different areas of the same tumor and showed most often a mixture of trabecular, glandular and solid type, always with marked atypia and abnormal mitoses. The rats receiving PB did not have more atypical neoplasms.
Discussion
In this study, we measured the exposure-response effects of DEN over an 8-fold exposure range of 0.5 to 4 mmol total/ per kg body weight, in which we had previously found nonlinearity for several effects (13) . In the previous study, the lowest exposure used was 1.0 mmol/kg, which yielded a small incidence of neoplasms, as in this study. Based on the earlier •Differs from all other groups at P < 0.01 using ANOVA followed by Tukey's adjustment ''Not done. 'Not determined because of high number. "mmol/kg body weight cumulative. 'TB 0.05% in diet for 24 weeks. c Incidence differs significantly from saline, DEN 0.5 and DEN 1.0 (with and without PB) at P < 0.001, using ANOVA followed by Tukey's adjustment.
finding, we anticipated that a lower exposure of 0.5 mmol/kg would be non-tumorigenic under the study conditions, which was the case, although PB promotion elicited the development of one adenoma. With exposure to 2.0 mol/kg and greater, all animals developed neoplasms. Thus, the carcinogenicity of DEN under the conditions of this experiment can be characterized as follows: weak initiating activity at the low exposure (0.5 mmol/kg), weak carcinogenicity at the next higher exposure (1 mmol/kg) and a strong effect at all higher exposures (>2 mmol/kg). The biochemical and cellular effects of DEN measured at the end of exposure and later can be related to tumor findings with the caveat that in this study, for practical reasons, we made measurements only at one time point after exposure and hence the values obtained can be assumed to be at least minimal effects, but greater effects might have been present at times not studied.
The low exposure when given as only a single dose, produced a clear level of DNA ethylation in the liver, which was measured only after a single dose for the purpose of establishing that the administered doses were in the range of 2256 significant alteration of DNA. Repeat exposures for 10 weeks, as was used for induction of foci, would certainly result in sustained and probably higher alkylation. In any event, the value of overall measurements must be considered to be somewhat limited since Scherer et al. (29) have shown by immunocytochemical analysis that DEN produced preferential localization of C^-ethylguanine in centrilobular hepatocytes, which is probably due to the high level of biotransformation in this region (30). Thus, adduct formation in centrilobular hepatocytes with repeat exposures undoubtedly would be higher than what was measured as an average for the whole liver in this or other studies.
The low exposure did not produce significant centrilobular toxicity, as measured by depletion of the centrilobular GS zone, which is a sensitive measure of toxicity (27, 31) . A transient decrease cannot be excluded, but this exposure also did not enhance cell proliferation. Nevertheless, it did induce a small incidence of HAF and, although this exposure did not yield any neoplasms within the study period, after PB promotion one neoplasm occurred. Thus, the level of adducts that would result from the cumulative exposure of 0.5 mmol/kg can be concluded to be sufficient to initiate carcinogenesis as measured by GST-P + foci and promotable tumor development. The enhancement of tumor development by PB after 0.5 and 1.0 mmol/kg of DEN corroborates the utility of the promoting stimulus to reveal neoplastic transformation (2, 3, 5, 13) . The promoting effect of PB was also manifested by an increase in HAF at the lowest exposure to DEN, as in other studies (2,13,32), but curiously not at the next higher exposure.
Cell replication is required for mutagenesis and to initiate carcinogenesis. Evidently, the normal low level of cell proliferation in the rat liver in the present study, i.e. ~0.5%, was sufficient for induction of HAF and initiation of one promotable neoplasm. Similarly, Kato et al. (6) reported that a single administration of DEN at 10 mg/kg (0.1 mmoiykg) induced GST-P + foci without causing an increase in cell proliferation. A further point of interest in the effect of the low exposure is that extrapolation of the number of foci in cross-sectional area, i.e. 2.6 cm 2 , to the number that would likely be present in whole liver (20) permits the conclusion that in the 12 rats that were promoted with PB, the one neoplasm arose from a collective incidence of at least several thousand foci. Thus, HAF with the requisite alterations for promotability to neoplasm formation are rare, as previously described (32) .
At the next-to-lowest exposure of 1.0 mmol/kg, DEN reduced the GS zone by ~12%, but the level of cell proliferation was not significantly increased. We have observed this in other studies (33) . Nevertheless, this exposure substantially increased HAF and yielded a neoplasm without promotion and four with PB administration. Thus, this dose was weakly carcinogenic. Presumably, a higher level of adducts, as projected from the single dose experiment, accounts for the expressed carcinogenicity.
At 2.0 mmol/kg, with only a doubling of exposure, cytotoxicity was substantial, i.e. ~30%, and cell proliferation was increased ~4-fold over the next lower exposure. At this exposure, tumors were induced in 100% of rats even without PB promotion and accordingly, this exposure was strongly carcinogenic. Up to this exposure, the enhancement of cell proliferation, the induction of HAF and the increment in tumorigenicity were non-linear, indicating a synergism of effects. Presumably, the enhanced cell proliferation resulted in more cells being transformed because of conversion of promutagenic DNA damage to permanent mutations during replication. In a dose-response study covering four orders of magnitude of N-nitrosomorpholine, Enzmann et al. (14) observed a marked increase in foci at their top dose, at which cell proliferation was not even doubled. Thus, the increases found with DEN over an 8-fold range are quite remarkable. GS + foci occurred only in the highest exposure group, which may provide another indication of non-linearity of carcinogenesis. Likewise, in a stop experiment with two doses of JV-nitrosomorpholine, Weber and Bannasch (34) found marked differences in the sequential appearance of specific phenotypes of HAF. Although the cytotoxic effect of DEN on the pericentral GS + hepatocyte population was closely related to exposure when determined after 10 weeks, with up to 3.0 mmol/kg there was no increase in the number of GS + foci in spite of induction of GST-P + foci, as also previously noted (13) . This may indicate that the induction of GS + foci is also a non-linear phenomenon.
In summary, the present study further extends our previous reports of non-linearity of hepatocarcinogenesis under conditions of low level limited exposure. In this study, we have used young adult male rats of the F344 strain and hence the findings can be interpreted only for these specific experimental conditions. The non-linearity for the carcinogenicity of DEN is suggested to represent an enhancement of the consequences of DEN alkylation of DNA by increased cell replication resulting from toxicity. Obviously, effects at exposures that produce such sensitizing effects, i.e. cytotoxicity and increased cell proliferation, cannot be quantitatively extrapolated to lower potential exposures that do not. Accordingly, we suggest, as previously (12, 13) , that quantitative risk assessment for extrapolation to humans must be better supported by information on cellular effects occurring in experimental studies over the exposure range of interest, which for humans would be even lower than that studied here.
